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Abstract 
This study, based on the analysis on granule morphology and the connectivity performance of granule, establishes the 
method of analyzing the connectivity performance among granules of different morphologies. Moreover, the stiffness 
matrix of connectivity among granules is also obtained, and the influence of different types of connectivity on the 
granule packing system is investigated. It is found that the granule morphology is the decisive factor affecting the 
performance and type of connectivity among granules. Therefore, granule morphology parameter is also the decisive 
factor affecting the parameter of connectivity performance of granule. The size of contact area between granules, the 
value of granule expansion coefficient and the granule size (distance) are the major parameters affecting the 
connectivity performance among granules. Considerable difference exists in performance between point-contact type 
and surface-contact type. The connectivity performance of point-contact type is subject to the effect of the acting 
force among the granules to a certain extent, while that of surface-contact type is far less influenced by the acting 
force. The system of surface-contact type is more stable. 
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1. Introduction 
The connectivity performance and features among granules are generally dependent on the granule 
morphology, especially for friction-type granular material. However, due to the complex performance of 
granular material itself, most of the previous studies on performance of materials composed of large 
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quantities of granules packed together assumed the granule morphology as a certain regular type (such as 
roundness) [1-3] . Actual practice shows that, although the mechanical features of connector formed by 
granules through contact are only on the microscopic scale, their influence on the macroscopic 
performance of granule system might be great. The performance of granule connector is often subject to 
the influence of connection mode, which in turn is closely related to granule morphology. In some cases, 
the influence may be decisive. Therefore, in addition to the study on connectivity performance among 
granules, the study on the influence of granule morphology on the connectivity performance among 
granules is also significant.  
2. Granule morphology and contact type  
The complexity of granule morphology lies in that the morphology differs considerably on different 
scales. Generally speaking, in the case of small granule size, it is the chemical properties of the material 
that determine the granule morphology. In such cases, the granule is crystal, and the crystal morphology 
is dominated by polyhedron [4-5]. At larger granule size, the granule morphology would be a lot more 
complex, as it is mainly affected by two factors: first, the base material of granules, or the fundamental 
properties of granular material; second, the natural force (physical) to which the granules are subject [6-8]. 
Depending on its formation process, some literatures [9] divide the granule morphology into the following 
categories: angular, sub-angular, sub-grinding-round, grinding-round and rolling-round. There are other 
divisions, such as spherical, polygonal, flake-like, and needle-like. The contact type varies with granule 
morphology when the granules aggregate together. For the sake of convenience, it is necessary to simplify 
the granule morphology.  
2.1. Simplified granule morphology  
To analyze the action among granules, granule morphology can be simplified by taking the 
approximate shape of the granule surface. Granule surface can be simplified into two types: flat surface 
and curved surface. In this way, the granule morphology is simplified into three types (Figure 1):  
 (1) Polyhedron with flat surface. Granule is simplified as a closed body enclosed by several flat 
surfaces. The decisive granule morphology parameters include the angle between flat surfaces and the 
length of ridge intersecting with flat surface.  
 (2) Polyhedron with curved surface. They are the closed bodies enveloped by several curved surfaces. 
The major parameters determining the granule morphology are the curved surface parameters, the angles 
between the curved surfaces and the length of ridge where the curved surfaces intersect.  
 (3) Mixed type. They are the closed bodies formed by both curved surface and flat surface. The major 
parameters affecting the granule morphology include curved surface parameter, the angle at which the flat 
surface and curved surface intersect and the length of the ridge.  
 
 
 
 
Fig. 1. three types of  the granule morphology 
However, the actual granule morphology might be even more complex, with diversified granule 
surfaces. Nevertheless, depending on the contact type and effect among granules, the fitting through 
approximation is always possible, in order to simplify the granule morphology into the above three types.   
2.2. Contact type among granules  
39Wei Zhenhai et al. / Procedia Earth and Planetary Science 5 (2012) 37 – 46 Author name / Procedia Earth and Planetary Science 00 (2011) 000–000 3 
Contact types among granules are determined by granule morphology, or actually, the surface 
morphology of granules. By simplifying the granule morphology into the above three types, the contact 
types among the granules are accordingly simplified into the following 6 types.  
 (1) Point-point contact type. When more than 3 ridges on the granule surface interest at one point, a 
vertex is formed. Depending on the type of ridges forming the vertex, the vertex is categorized into vertex 
formed by straight ridges, vertex formed by curved ridges and vertex formed by curved ridge and straight 
ridge. The straight ridge is formed by the intersection of two flat surfaces, and the curved ridge, by the 
curved surface-flat surface intersection or curved surface-curved surface intersection. When the vertexes 
of two granules are in contact, it is point-point contact type.    
 (2) Point-line contact type. When the vertex of the granule is in contact with the ridge, it is point-line 
contact type, which can be further divided into point-straight line contact type and point-curved line 
contact type. The reason for this division is based on the difference in mechanical features between the 
two contract types.  
 (3) Point-surface contact type. When the vertex and the surface are in contact, it is the point-surface 
contact type, which is further divided into point-flat surface contact type and point-curved surface contact 
type.  
 (4) Line-line contact type. When two ridges are in contact in a parallel way, it is the line-line contact 
type, which is further divided into straight line-straight line, straight line-curved line and curved line-
curved line contact type.   
 (5) Line-surface contact type. When the ridge is in contact with the surface of the granule, it is the 
line-surface contact type, which is further divided into straight line-flat surface, straight line-curved 
surface and curved line-curved surface contact type.  
 (6) Surface-surface contact type. When two surfaces of granules are in contact, it is surface-surface 
contact type, which is further divided into flat surface-flat surface, flat surface-curved surface and curved 
surface-curved surface contact type.  
Listed above are the 6 types into which the contact type among granules is divided. When subdivision 
is needed, we will have more contact types depending on the different types of vertex, ridge and surface. 
The mechanical features and deformation characteristics vary for different contact types.  
3. Flex-field model of granule contact  
The issue of contact among granules is very complex, and it has been extensively researched. On 
different scales, the acting force among granules varies. At small granule size, the distance between 
granules is less than or close to the range of acting force of static electricity, and the interaction among 
granules is mainly Van der Waals force. In such cases, the mechanical action does not come into play. 
This paper mainly deals with the action among granules or mechanical performance of granules on the 
scale above or far greater than the crystal scale. 
When the scale is above or far greater than the crystal scale, it is the mechanical action that dominates. 
And the performance of mechanical action among granules is mainly subject to the influence of the 
material performance and geometric morphology of granules. 
3.1.  Type of contact force among granules   
Many literatures using analytic solution method analyze the contact force among granules [10-11]. The 
more commonly used method is numerical solution, such as finite element method and boundary element 
method. The stress distribution within the granule and on the contact surface can be derived with these 
methods. The analysis of granule system, however, is more concerned with the force acting on the contact 
surface rather than the stress state inside the granules. Regardless of the contact type, the acting force 
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among the granules can be simplified into three types.  
 (1) Tension/compression force. As the most common force among granules, tension/compression 
force arises as long as there is contact among granules, and in general cases, the force is always present. 
Tension force ensures the contact between granules, while the compression force maintains the volume of 
the granule system.  
 (2) Shear force. The shear force is the result of transverse movement between granules and it is a 
fundamental force for maintaining the shape of the granule packing system.  
 (3) Crankling force. Apart from tension/compression force and shear force, crankling force which is 
different from the two forces might also exist. Crankling force as a force specific to the granule packing 
system may cause the relative rotation between granules. This feature is a key feature different from the 
mechanics of continuous media.   
3.2.  Flex-field model and its hypothesis  
Flex-field model is mainly analyzed based on the following hypotheses: 
 (1) When the granules are in contact and are subject to external force, the area with elastic 
deformation is limited to the area near the contact point (line or surface). No (or negligible) elastic 
deformation occurs inside the granules or in other parts of the granule.  
 (2) The scope of elastic deformation is related to the granule morphology near the contact point (line 
or surface);  
 (3) The connectivity between granules can be approximately simplified as connecting beam with 
unequal sections for analysis.  
According to the first hypothesis, the area far away from the contact point (line or surface) is supposed 
to be rigid without deformation in any case. The second hypothesis implies that the variable contact types 
as a result of different granule morphology leads to different scope of elastic deformation. The parameter 
determination is dependent on the contact type. The third hypothesis indicates that the connectivity 
between granules can be approximated as the beam connection [12-13]. In this way, the force acting 
between two granules and the resultant deformation can be represented by the stiffness matrix of 
connectivity between granules. The stiffness matrix can be derived by energy method.   
 
 
 
 
 
Fig. 2. The beam element  of the two-dimensional problem 
Suppose the connectivity between granules is elastic. Two-dimensional problem can be simplified as 
beam element shown in Figure 2. Thus, the force acts on the two ends of the beam, and the strain energy 
is expressed as  
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According to balance equation,  
( ) ( ) ( )i i i iF x F Q x Q M x Q x M     ， ，                                                        (2) 
Therefore,  
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By sorting out, there is  
0 0
0 which can also be written as 
0
i iA
i Q QM i i ii i
i iQM M
u Fk
v k k Q D P
Mk k


  

    
    
    
     
，  
Where Dii is the flexibility matrix of i end of beam. Through inversion of the flexibility matrix, 
stiffness matrix Kii can be obtained:  
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According to equilibrium condition, the force acting on i end of the beam can be used to express the 
force acting on j end, thus  
j i j i j i iF F Q Q M Ql M     ， ，  
i.e.    
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l is the length of the beam. Thus the relation between force and displacement of the entire beam is  
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Through expansion and sorting out, three equations are obtained: Kji=HKii,Kij=HKiiHT,Kjj=HKiiHT, i.e.  
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where K is the stiffness matrix of the granule connectivity. For connectivity between granules with 
different morphologies, kA, kQ, kM and kQM vary, thus resulting in different stiffness matrices of granule 
connectivity.  
3.3. Determination of flex-field on the contact surface  
The above derivation indicates that, as long as kA, kQ, kM and kQM are solved, stiffness matrix of granule 
connectivity can be obtained. The difficulty in calculating kA, kQ, kM and kQM lies in determining the area 
for integration which varies for different types of connectivity between granules. By analyzing the 
features of granule type and connectivity, it is found that the contact surface changes considerably for 
various granule packing systems, with two major types: first, due to small contact surface, deformation of 
granules mainly occurs within a very small area of the contact surface; second, as the contact surface is 
relatively larger, the deformation scope may covers most of the area of granule or even the entire granule. 
Thus, based on the size of contact surface, there are two types of contact between granules: small contact 
surface type and large contact surface type.    
For the granule packing system of large contact surface type, the determination of flexfield would be 
more complex, which would not go into detail in this paper.  
4. Contact rigidity calculation for small contact surface type    
Stiffness matrix of contact between granules determines the mechanical performance of connectivity 
between granules. For the sake of convenient discussion, the contact rigidity for granules with 2D flat 
surface and granules with curved surface is calculated and analyzed.   
4.1.  Connectivity between granules with 2D flat surface  
Granules constituted of flat surfaces would form a contact surface when they are in contact (in the case 
of point contact, it is considered as very small contact surface). Stress distribution on the contact surface 
or the granules is usually very complex. To simplify the calculation, the stress and strain at the granule 
contact part is only supposed to be associated with the area of the granule section at the two sides of the 
contact surface, and the strain is only limited to the small area near the contact surface. Figure 3 shows 
the specific connectivity mode and connectivity state.  
 
 
 
 
 
 
 
 
Fig. 3 The specific connectivity mode and connectivity state 
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For the sake of convenience, the origin of the coordinate system is set on the contact surface. Then the 
parameters of each section can be expressed as follows: 
For the first granule,  
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For the second granule,  
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Through substitution of the above two formulas into Formula (3), the following formulas are 
respectively obtained:  
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kA,  kQ,  kM  and kQM  are flexibility coefficients. δ1 and δ2 are thickness of the area with elastic 
deformation on the granule surface. When the granules are protruding, the contact surface is small. Thus, 
the deformation caused by external force through contact is limited to a small thickness range of the 
contact surface. Then, suppose that the stress and strain on the contact surface reach the yield limit, and 
the thickness of the deformation thickness is taken as 1/5 of yield stress and strain. Thus,  
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Through substitution of the above formulas, there is 
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If let a=b and β1=β2=β, then it can be further simplified as  
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It is clear that flexibility coefficients are related to diffusion coefficientβ1 andβ2, as well as to l1, the 
distance between granule center and the contact surface. Smallerβ1 andβ2 indicate a more pointed granule 
and a greater flexibility coefficient of connectivity between granules, i.e. a smaller rigidity coefficient. 
The greater the distance l1 between granule center and the contact surface is, the larger the flexibility 
coefficient would be, and thus the smaller the rigidity is.  
4.2. Connectivity between granules with curved surface 
Connectivity between granules is shown in Figure 4.  
 
 
 
 
 
 
 
 
 
Fig. 4 Connectivity between granules 
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By substituting the above formulas into Formula (3), then flexibility coefficients are calculated as  
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δ0  is a very small area of the contact surface, and it tends towards 0 theoretically. In actual practice, 
however, the strength of the material cannot be infinitely large, and some contact surface is inevitably 
formed through the contact between the points of two curved surfaces. Thus, deformation occurs, giving 
rise to δ0. Apparently, at very small δ0, the values in all of the formulas would be quite large except kA. 
That is, the deformation becomes very large under load, which corresponds to actual conditions. The 
specific magnitude of δ0  can be determined by analyzing the forming process of deformation. As the load 
increases, the contact surface increases. And therefore, the magnitude of this value is always in 
equilibrium with external load, i.e.  
sF A                                                                        (21) 
For curved surface, 02A Bt  . Then we have  
2
0 2 2 24 s
F
B t

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This value increases with the increase in F. The value of shear force and bending moment can also be 
derived from the strength of the material, and the larger value is taken in actual application. Therefore, the 
flexibility coefficients are related to the stress state, which is another key feature of the granule packing 
system.   
5. Conclusion  
Through the analysis of granule morphology and performance of connectivity between granules, this 
paper uses energy method to establish the method of analyzing the connectivity performance of granules 
with different morphologies. Meanwhile, the stiffness matrix of connectivity between granules is obtained, 
and the impact of different connectivity modes on the granule packing system is analyzed. This paper 
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provides basic research on the macroscopic performance of granule system. Thus, the following 
viewpoints can be obtained:  
 (1) Granule morphology is the decisive factor affecting the granule contact and connectivity mode. In 
this sense, the granule morphology parameters are key factors influencing the parameters of connectivity 
performance. That is to say, the granule morphology present in the system determines the connectivity 
mode of the granules.  
 (2) The key parameters influencing the performance of connector of granules include the area of 
contact surface, the diffusion coefficient of granules on the contact surface and the size (distance) of 
granules.  
 (3) The performance varies for point-point contact type and surface-surface contact type. The 
performance of point-point contact type is subject to the influence of the acting force among granules to a 
certain extent, while the surface-surface contact type is far less affected. Therefore, the system of surface-
surface contact type is more stable.  
This study analyzes the relation between different granule morphology and connectivity performance. 
By establishing the stiffness matrix of deformation and stress, the features and impact of granule 
connectivity can be understood. The objective of this paper is to analyze the macroscopic features of 
granule system based on the microscopic features of connectivity between granules. The work we have 
done is only a preliminary exploration, and more strenuous work is needed to investigate the macroscopic 
features of granule system. 
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